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Membrane lipids of Chlamydomonas reinhardtii were separated into the major components,
MGDG, DGDG, SQDG, DGTS, PG, PE, PI, and the molecular species of each lipid were iso-
lated and analyzed. The fatty acid composition was determined for the total lipid, the particular
lipid classes and the molecular species. The positional distribution of fatty acids between the C-l
and C-2 position of the glycerol moiety was also determined. MGDG, DGDG, SQDG, PG and
probably PI were found to be of plastidic (prokaryotic) origin, while DGTS and PE were found
to be of cytoplasmic (eukaryotic) origin. Prokaryotic lipids mainly contained 18:3(9,12,15),
18:2,16:4 and 16:3, while DGTS and PE were rich in 18:3(5,9,12), 18:4(5,9,12,15), 18:2 and
18:1(11) fatty acids. From the fact that each lipid class was characterized by an individual pat-
tern of molecular species, we conclude that during their biosynthesis, all the lipids act individually
as substrates for the lipid-linked desaturation of fatty acids. Moreover, our results suggest that
in Chlamydomonas, 18:3(5,9,12) and 18:4(5,9,12,15) are formed in the cytoplasm using DGTS
and PE as substrates.
Key words: Biosynthesis — Chlamydomonas — Desaturation — Fatty acids — Lipid — Molecu-
lar species.
The membrane lipids of Chlamydomonas reinhardtii
have been repeatedly studied with respect to their composi-
tion and biosynthesis (Eichenberger 1976, Janero and Barr-
nett 1981 a, b, c, 1982a, b). The lipid pattern of this alga is
rendered unique by the presence of diacylglyceryltrimethyl-
Abbreviations: BHT, butyl hydroxytoluene; DGDG, digalac-
tosyldiacylglycerol; DEGS, diethyleneglycolsuccinate; DGTS,
diacylglyceryl(N,A^A/-trimethyl)homoserine; FID, flame ioniza-
tion detector; GLC, gas liquid chromatography; HPLC, high
performance liquid chromatography; I.D., inner diameter;
MGDG, monogalactosyldiacylglycerol; MS, mass spectrometry;
PE, phosphatidylethanolamine; PC, phosphatidylcholine; PG,
phosphatidylglycerol; PI, phosphatidylinositol; SQDG, sulfo-
quinovosyldiacylglycerol; TLC, thin-layer chromatography; 16:0,
hexadecanoic acid; 16:1, hexadecenoic acid; 16:l(3t), 3-trans
hexadecenoic acid; 16:2, hexadecadienoic acid; 16:3, hex-
adecatrienoic acid; 16:4, hexadecatetraenoic acid; 18:0, octa-
decanoic acid; 18:1(9), 9-octadecenoic acid; 18:1(11), 11-octa
decenoic acid; 18:2(9,12), octadecadienoic (linoleic) acid; 18:3
(9,12,15) or al8:3, 9,12,15-octadecatrienoic (a-linolenic) acid;
18:3(6,9,12) or yl8:3, 6,9,12-octadecatrienoic (y-linolenic) acid;
18:3(5,9,12) or il8:3, 5,9,12-octadecatrienoic acid; 18:4(5,9,12,15),
5,9,12,15-octadecatetraenoic acid.
homoserine (DGTS) (Eichenberger and Boschetti 1978,
Janero and Barrnett 1982c), a betaine lipid which is also
produced by most other cryptogamic plants (Sato and
Furuya 1985) and of which the biosynthetic pathway is not
yet known. Furthermore, it is a matter of controversy,
whether or not the widespread phospholipid phospha-
tidylcholine (PC) is present in Chlamydomonas. Janero
and Barrnett (1981b) reported considerable amounts of this
lipid, while others (Eichenberger 1982, Sato and Furuya
1985) could not detect it in this alga.
Only a few studies have dealt with the intracellular
site(s) of lipid biosynthesis in Chlamydomonas. Jelsema
et al. (1982) and Michaels et al. (1983) have shown that two
important enzymes of the glycerolipid synthesis, namely
glycerol phosphate acyltransferase and lysophosphatidate
acyltransferase, are detectable in envelopes, thylakoids and
pyrenoids of chloroplasts as well as in the Golgi vesicles.
This indicates that diglycerides may be formed in different
cellular compartments. For green plants, it is generally ac-
cepted that the diglyceride moieties of glycerolipids are syn-
thesized either by the chloroplast (prokaryotic pathway) or
by the endoplasmic reticulum (eukaryotic pathway)
(Roughan and Slack 1982, 1984), as summarized by Frent-
zen (1986) and by Heemskerk and Wintermans (1987).
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Lipids originating from either pathway are recognized by a
characteristic positional distribution of fatty acids at the
glycerol backbone. In the eukaryotic pathway, PC plays a
central role as the substrate of fatty acid desaturase(s)
(Demandre et al. 1986, Murphy et al. 1985). This raises
the interesting question as to what extent the prokaryotic
and eukaryotic pathways contribute to the synthesis of ma-
jor membrane lipids of Chlamydomonas which does not
dispose of PC as a substrate for fatty acid desaturase(s).
The aim of the present work was to analyze the posi-
tional distribution of fatty acids in different lipids and to
identify their molecular species by HPLC and GLC
methods. The results should allow us to identify the
cellular site(s) of lipid synthesis and the possible bio-
synthetic pathways leading to the different fatty acids and
lipids.
Materials and Methods
Plant materials—Chlamydomonas reinhardtii 137c
arg-2" mt + (The Culture Centre of Algae and Protozoa,
Cambridge) was cultivated autotrophically under
10,000 lux of continuous fluorescent light for 7 days at 26-
28° C. The nutrient was medium I (Sager and Granick
1954) with 0.47 mu arginine-HCL. C. reinhardtii cell wall-
less mutant CC-406 (Chlamydomonas Genetics Center,
Duke University, Durham, NC) was cultivated under the
same light conditions in high salt medium (Sueoka 1960)
supplemented with yeast extract (0.4% w/v) and Na-aceta-
te(0.12% w/v).
Ochromonas danica (The Culture Centre of Algae and
Protozoa, Cambridge) was cultivated on a modified medi-
um (Pringsheim 1955) containing (in wt%) 0.2% trypton
(Difco), 0 .1% yeast extract (Difco), 0.1% Liebig's meat ex-
tract and 0.5% glucose. Cells were cultivated under il-
lumination for 5 days at 26-28°C.
Lipid isolation—Lipids were extracted with methanol
containing 0.05% butyl hydroxytoluene (BHT) as an antiox-
idant. They were separated on precoated silica gel plates
(Merck 5715) with chloroform/methanol/acetic acid/water
(85 : 15 : 10 : 3, by vol.) (Nichols et al. 1965) and rechroma-
tographed with different solvents: chloroform/methanol
( 5 : 1 , v/v) for MGDG, chloroform/methanol/water
(70: 30 :4 , by vol.) for DGDG, DGTS, PE, SQDG and
PG, and chloroform/methanol/acetic acid/water (30:
1 5 : 4 : 2 , by vol.) for PI. Spots were detected under UV
(366 nm) after spraying with 2',7'-dichlorofluoresceine and
eluted with methanol. After evaporation of the solvent,
the lipid was purified by partition between l%(w/v)
Na2CO3 and chloroform.
Fatty acid analysis—Fatty acid methyl esters were ob-
tained either from total lipids by saponification with
methanolic KOH and esterification with diazomethane
(Eichenberger 1976) or from pure lipids by transesterifica-
tion with sodium methoxide (Thies 1971). For analytical
GLC separations, a Shimadzu GC-8A equipped with FID
was used. The column was a fused silica capillary column,
25 m long, 0.25 mm I.D., coated with Carbowax 2 0 M
(chemically bound) operating at 190-210°C ( l °Cmin" ' )
with H2 as carrier gas. Eicosanoic (20:0) acid methyl ester
was used as an internal standard. Integration of peaks was
done with a Shimadzu Chromatopac C-R3A. For pre-
parative purposes, a Perkin-Elmer 990 instrument equip-
ped with a stream splitter and FID was used. C,6 and Ci8
fatty acid methyl esters were separated from each other on
a packed steel column (5% DC-200 silicon oil on
Chromosorb W, 1 m length, 6 mm I.D., 200°C, 86 ml N r
min~'). For the isolation of single C16 or C,8 fatty acid
methyl esters, 5% DEGS on Chromosorb W (4 m long,
6mm I.D., 185°C, 40 ml N2min~') was used.
The positional distribution of the fatty acids among
the C-l and C-2 position of the glycerol backbone was
determined using the lipase from Rhizopus arrhizus
(Fischer et al. 1973).
Picolinyl esters of fatty acids were prepared according
to Christie et al. (1986). Mass spectra were obtained with a
GC-MS Varian MAT 44S instrument equipped with a Spec-
tro System MAT 200, at 70 eV. Oxidation of fatty acids
with KMnO4 was carried out according to Kates (1986).
The resultant mono- and dicarboxylic acid fragments were
separated as methyl esters on Carbowax 20 M (fused silica,
25 m length, 0.3 mm I.D., 140-200°C (2°Cmin"') with H2
as carrier gas, and identified by comparison with reference
mono- and dicarboxylic acid methyl esters.
Molecular species analysis—Lipids were separated in-
to their constitutent molecular species by reversed phase
HPLC on a Perkin-Elmer Series 10 Liquid Chromatogra-
ph. A 20-/il solution of lipid in methanol was loaded on a
column (250x4 mm) containing Nucleosil 5 C 18 (5/an
particle size, Knauer, FRG). Solvents and flow rates used
for the isocratic separation of different lipid classes are as
follows: Methanol/water (94 : 6, v/v), flow 1 ml/min for
MGDG; methanol/water (90: 10, v/v), 1 ml/min for
DGDG (adapted from Yamauchi et al. 1982); methanol/
water/acetonitrile (90.5 : 7 : 2.5, by vol.) containing 20 mu
choline-HCl, 1 ml/min for both SQDG and PE, and
1.5 ml/min for PI (adapted for PE and PI from Patton et
al. 1982, Robins and Patton 1986); acetonitrile/methanol/
acetic acid/1-ethylpropylamine (611 : 56 : 1.7 : 1, by vol.),
1.5 ml/min for PG (adapted from Smith et al. 1985);
acetonitrile/methanol/acetic acid/1-ethylpropylamine (550:
116: 1.7 : 1, by vol.), 1 ml/min for DGTS (adapted from
Norman and Thompson 1985). The effluent was mon-
itored at 202 nm with a Perkin-Elmer LC-75 detector
connected to a LCI-100 integrator. For the identification
and quantitative determination of molecular species, frac-
tions corresponding to single peaks were collected, taken to
dryness under N2 in the presence of BHT and then con-
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verted to methyl esters by transesterification. The amount
of each molecular species was determined from the quan-
tities of its constituent fatty acids.
Radiolabelling with [32P]phosphate—Cells of Chla-
mydomonas (strain 137c and CC-406) and of Ochromo-
nas were grown for 5 days in 35 ml of nutrient containing
0.5 mCi (18.5 MBq) [32P]orthophosphate (Amersham).
Lipids were extracted and chromatographed on silica gel
(Merck 5715) with chloroform/methanol/water (65 : 25 :4 ,
by vol.) in the 1st dimension and chloroform/methanol/
isopropylamine/conc. NH3 (65 : 35 : 0.5 : 5, by vol.) in
the 2nd dimension. For autoradiography, Agfa-Gevaert
Curix X-ray film was exposed for 2 hours for Ochromonas
and 8 hours for Chlamydomonas.
Results
The membrane lipids of Chlamydomonas consist of
MGDG, DGDG, SQDG, DGTS, PG, PE and PI as major
components, as described earlier (Eichenberger 1976). In
order to reinvestigate the presence or absence of PC, two
strains of Chlamydomonas (137c and cell wall-less mutant
CC-406) and Ochromonas (as a reference organism) were
incubated with [32P]orthophosphate. The lipids were
then separated by TLC and autoradiographed. Under the
conditions used, PE, PG, PC and PI were well separated,
as shown in Fig. 1. While PC was clearly present in
Ochromonas (Fig. la), the spot was lacking in the two
species of Chlamydomonas (Fig. lb, c). This indicates
that this lipid is radiochemically not detectable in
Chlamydomonas.
The total fatty acid composition is given in Table 1.
The dominant chain lengths were C16 and C)8, accounting
for 46 and 54%, respectively. Longer-chain fatty acids
were present in trace amounts only. Main components were
16:0, 16:1(7), 16:1(9), 16:l(3t), 16:2(7,10), two isomers of
16:3, 16:4, 18:0, 18:1(9), 18:2(9,12), 18:3(9,12,15),
18:3(5,9,12) and 18:4(5,9,12,15). The tentative structure
of the two C,6-trienes is J4'7-10 and A1-10-13, and that of the
tetraene A4-1-10-13. Within the Clg series, apart from
18:1 (9), 18:1(11) acid could also be detected in considerable
amounts. 18:3(5,9,12) was previously considered to be y-
linolenic acid [18:3(6,9,12)] (Eichenberger 1976).
Evidence for the structure of C18 fatty acids comes
from the MS and GLC data shown in Table 2. The
18:1(11) methyl ester was characterized by its molecular
weight and by both the C7 monocarboxylic and the C n
dicarboxylic acid fragments obtained by oxidation. The
structure of 18:3(5,9,12) could be ascertained by the molec-
ular ion and typical fragments of the picolinyl ester which
were all identical to those obtained with 18:3(6,9,12) in-
dicating double bonds in the 9- and 12-positions (Christie
et al. 1986). The 4'-double bond was confirmed by the C5
dicarboxylic acid fragment obtained by oxidation. From
18:3(6,9,12), which could not be detected in Chlamydo-
monas, a C6 fragment, and from 18:3(9,12,15) a C9 frag-
ment was produced under the same conditions. The
PE
#
PE #
P E #
PI \
Fig. 1 Autoradiogram of 32P-labelled and TLC-separated
phospholipids from a) Ochromonas danica, b) Chlamydomonas
reinhardtii strain 137c, c) Chlamydomonas reinhardtii cell wall-
less mutant CC-406. Conditions were as indicated in Materials
and Methods.
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Table 1 Fatty acid composition of total lipids from Chlamydomonas reinhardtii 137c
Mol% fatty acids
16:0 16:1 16:1 16:1 16:2 16:3 16:3 16:4 18:0 18:1 18:1 18:2 18:3 18:3 18:4
(7) (9) (3t) (7,10) (4,7,10) (7,10,13) (4,7,10,13) (9) (11) (9,12) (5,9,12) (9,12,15) (5,9,12,15)
22 tr 1 13 13 8 16
tr, Trace.
Table 2 MS and GLC data of the C18 fatty acids of Chlamydomonas reinhardtii 137c
Fatty acid
18:0
18:1(9)
18:1(11)
18:2(9,12)
18:3(5,9,12)
18:3(6,9,12)
18:3(9,12,15)
18:4(5,9,12,15)
Retention time
of methyl ester
(Carbowax 20 M)
1.00
1.05
1.07
1.17
1.23
1.26
1.36
1.44
Fragments obtained
by oxidation of
methyl esters
C,,, CM
C7 m, C , l d
C M
c 5 dCM
C M
c 5 d
M
373
373
371
369
369
369
367
MS
M-29
340
338
signals (m/e) of
. . „ M-71
M
"
5 5
 M-69
298
298
314 300
312 298
picolinyl
M-97
M-95
272
272
274
272
esters
M-l l l
M-109
258
258
260
258
M-137
M-135
232
232
234
232
m, Monocarboxylic acid, d, Dicarboxylic acid.
Table 3 Composition and positional distribution of fatty acids in glycerolipids of Chlamydomonas reinhardtii 137c
Lipid
MGDG
DGDG
SQDG
P G
P I
DGTS
P E
Position
1
2
1
2
1
2
1
2
1
2
1
2
1
2
16:0
2
2
4
76
68
99
6
27
21
83
58
3
8
7
16:1"
1
14
tr
14
—
tr
2"
5 1 "
1
2
2
7
tr
1
16:2
tr
7
tr
4
—
—
—
—
2
tr
1
—
—
16:3*
tr
10
—
2
—
tr
11
1
—
tr
1
tr
3
16:4
tr
64
tr
2
—
—
—
—
—
tr
2
—
—
Mol% fatty acids
18:0
1
tr
2
1
2
—
1
7
4
2
2
—
49
tr
18:1
(9)
27
tr
55
tr
6
—
11
tr
7
1
2
1
1
—
18:1
(11)
1
—
2
—
9
—
11
—
52
11
5
1
33
tr
18:2
(9,12)
15
tr
16
tr
5
tr
47
1
5
—
17
11
4
tr
18:3
(5,9,12)
1
1
1
1
1
tr
1
3
1
5
59
3
79
18:3
(9,12,15)
52
tr
19
tr
10
1
21
tr
5
—
7
3
1
3
18:4
(5,9,12,15)
tr
tr
tr
—
—
—
1
—
—
1
9
tr
6
c,«
3
97
4
97
68
99
8
88
24
86
61
14
8
11
c18
97
3
96
3
32
1
92
12
76
14
39
86
92
89
' in the case of PG: 16:1 (3t)
6
 All isomers.
tr, Trace
—, Not detected.
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^5.9,u,i5
 s t r u c t u r e of the 18:4 was decided from the MS frag-
ments which are typical for double bonds in the 9-, 12- and
15-positions (Harvey 1984). The corresponding fragments
were also obtained with 18:3(9,12,15). The /d5-double
bond was also confirmed by the C5 dicarboxylic acid frag-
ment obtained by oxidation. Moreover, the retention
times of 18:3(5,9,12) and 18:4(5,9,12,15) were identical
with those of authentic fatty acids isolated from Norway
spruce wood (not shown in the table) (Ekman 1980).
The different fatty acids were characteristically
distributed among the various lipids, as shown in Table 3.
16:4 and 18:3(9,12,15) were concentrated in MGDG.
DGDG was enriched in 18:3(9,12,15), 18:1(9), 18:2 and
16:0. For SQDG, a large amount of 16:0, and for PG, a
large proportion of 16:l(3t), 16:0 and 18:2 were typical.
18:3(5,9,12) and 18:4(5,9,12,15) were concentrated in
DGTS and PE. 18:1(11) was mainly found in DGTS, PE,
PG, SQDG and PI. DGTS and PI contained 16:0, and PE
18:0 as a saturated component. It is interesting to note
that both 18:3(9,12,15) and 16:4 were almost exclusively lo-
calized in MGDG and DGDG, while both 18:3(5,9,12) and
18:4 were almost limited to DGTS and PE.
In each lipid, the positional distribution of fatty acids
was analyzed by splitting off the acyl group in the C-l posi-
tion with the lipase from Rhizopus arrhizus. It turned out
to be a common feature of MGDG, DGDG, SQDG, PG
and also PI that in the C-2 position of their glycerol moie-
ty, C16 acids accounted for >85mol% of the total fatty
acids linked to this position, indicating that these lipids
were predominantly prokaryotic. In contrast, DGTS and
PE contained >85mol% C18 acids in the same position
and were therefore of eukaryotic origin. It is interesting to
note that in these two lipids, both 18:3(5,9,12) and 18:4
were almost strictly limited to the C-2 position. In con-
MIN
Fig. 2 Separation by HPLC of molecular species of underivatiz-
ed sulfoquivonosyldiacylglycerol (SQDG). Conditions were as
described in Materials and Methods.
trast, 18:1(9) and 18:1(11) were concentrated in the C-l
position.
Table 4 Molecular species of glycerolipids of Chlamydomonas reinhardtii 137c
MGDG
al8:3/16:4
al8:3/16:3
18:2/16:4
18:2/16:3
al8:3/16:2
18:2/16:2
18:2/16:1
al8:3/16:0
18:2/16:0
%
70
16
8
2
1
1
1
<1
<1
DGDG
al8:3/
al8:3/
al8:3/
18:2/
16:4
16:3
16:2
16:3
al8:3/al8:3
18:2/
18:1/
18:1/
al8:3/
18:2/
18:1/
16:2
16:3
16:2
16:0
16:0
16:0
others
%
2
11
4
4
4
4
3
3
18
25
13
9
Fatty acid combinations (C1/C2)
DGTS
al8:3/ 18:4
al8:3/il8:3
18:2/il8:3
18:1/ 18:4
16:0/ 18:4
18:2/ 18:2
al8:3/ 18:1
18:l/il8:3
16:0/il8:3
18:1/ 18:2
16:0/ 18:2
others
%
3
8
12
4
15
3
5
6
28
3
8
5
SQDG
al8:3/16:0
18:2/16:0
18:1/16:0
16:0/16:0
%
16
15
20
49
in mol% of total
PG
al8:3/16:l(3t)
al8:3/16:0
18:2/16:1(30
18:2/16:0
18:l/16:l(3t)
18:1/16:0
%
15
9
41
9
11
15
PI % PE
18:1/16:0 100 18:2/il8
18:1/18
18:l/il8
18:0/ 18
18:O/il8
:3
:4
:3
:4
:3
%
3
2
49
10
36
il8:3 = 18:3(5,9,12), al8:3 = 18:3(9,12,15).
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Molecular species were separated by HPLC using an
appropriate solvent system for each lipid class. Single mo-
lecular species were characterized by the GLC of their con-
stituent fatty acids. All the polar lipids were well resolved
into their individual molecular species. It was found that
the solvent mixture used for PE also gives good results with
SQDG, as shown in Fig. 2. To our knowledge, this is the
first separation of SQDG into its constituent species with-
out previous derivatization, thus avoiding loss of material
due to the relatively low yield of the derivatization pro-
cedure. Although the 16:0/16:0 species does not contain
any double bond, it was still detectable, probably due to its
high proportion. The percentage of fatty acid combina-
tions in the different lipids are shown in Table 4. MGDG
mainly consisted of 18:3(9,12,15)/16:4 and 18:3(9,12,15)/
16:3 species. In DGDG, the more saturated species
18:3(9,12,15)/16:0, 18:2/16:0 and 18:1/16:0 predominat-
ed. For SQDG, 16:0/16:0 and minor but equal propor-
tions of 18:1/16:0, 18:2/16:0 and 18:3(9,12,15)/16:0 spe-
cies were typical. In PG, 18:2/16:l(3t) was the major
species. In PI, a 18:1/16:0 combination was the only spe-
cies detectable by HPLC, although additional minor
species could be expected from the fatty acid composition
(Table 3). DGTS mainly consisted of 16:0/18:3(5,9,12),
16:0/18:4 and 18:2/18:3(5,9,12) combinations. In con-
trast, PE contained predominantly 18:1/18:3(5,9,12) and
18:0/18:3(5,9,12) species.
Discussion
The distribution of fatty acids between the C-l and C-
2 position of a glycerolipid is generally considered to reflect
its biosynthetic origin (Frentzen 1986, Roughan and Slack
1982, 1984): lipids in which the C-2 position is occupied by
C16 acids are of plastidic (prokaryotic) origin, those with
C18 acids in that position are of cytoplasmic (eukaryotic)
origin. Applying this principle to the lipids of
Chlamydomonas shows that MGDG, DGDG and SQDG
are synthesized exclusively by the chloroplast, whereas only
88% of the PG is produced there. This agrees with the fact
that PG is also synthesized by extraplastidic membranes
(Marshall and Kates 1972). On the other hand, both
DGTS and PE are assumed to be produced almost ex-
clusively by the cytoplasm. The prokaryotic proportions
of 14 and 11% of DGTS and PE, respectively, can be ex-
plained by the less pronounced fatty acid specificity of the
microsomal monoacylglycerol 3-P acyltransferase (Frent-
zen et al. 1984). The eukaryotic origin of PE also agrees
with the finding that this lipid is a marker for the extrachlo-
roplastidial organella (Harwood and Russel 1984, Moore
1982). Moreover, the cytoplasmic origin of DGTS has
already been reported for the fern Adiantum capillus-
veneris by Sato and Furuya (1983).
It is interesting to note that in Chlamydomonas, 86%
of the PI displays a prokaryotic structure, suggesting that
PI is synthesized mostly by the chloroplast, too. Since PI
of Arabidopsis was found to be mainly eukaryotic (Browse
et al. 1986) and Pi-synthesizing enzymes could be localized
in the endoplasmic reticulum of castor bean endosperm
(Moore et al. 1973), the site of synthesis of PI in
Chlamydomonas could differ from that of higher plants.
This hypothesis can be confirmed by showing that purified
chloroplasts can synthesize PI.
The difference in fatty acid composition, positional
distribution of fatty acids and molecular species composi-
tion between the lipids of chloroplasts and those of ex-
traplastidic membranes suggest that in Chlamydomonas,
both polar lipid assembly as well as fatty acid desaturation,
occur separately in each compartment.
It is still not clear how the assembly of polar lipids is
coordinated with the desaturation of fatty acids, leading to
a complex pattern of molecular species. As a general rule,
the formation of polyunsaturated fatty acids starts from
16:0 and 18:1 which are the main products of plastidial fat-
ty acid synthetase and stearoyl desaturase (Stumpf 1984).
These two fatty acids are the main substrates for the
specific acyl transferases (Frentzen 1986) producing
saturated, mono- and diunsaturated glycerolipids which
are further desaturated in a lipid-linked process. Such a
function has unequivocally been proven for plastidial
MGDG (Sato et al. 1986) and cytoplasmic PC (Demandre
et al. 1986, Murphy et al. 1985) but is also strongly sug-
gested for other glycerolipids such as PG (Sparace and
Mudd 1982), DGTS (Schlapfer and Eichenberger 1983) and
PE (Stymne et al. 1987).
These findings argue in favor of a more generalized
view of the desaturation process in which every lipid class
present in the cell is involved. Such a mechanism would
imply that the specificity and activity of the desaturase(s)
are greatly influenced by the polar group of the lipid mole-
cule. This concept would explain in a simple way the in-
dividual patterns of fatty acids and molecular species ob-
served in the different polar lipids. It would also agree
with the findings that in the plant cell, several desaturases
exist which introduce double-bonds in particular positions
of the acyl chain and/or are specific for lipids with a certain
polar group (Browse et al. 1984, 1985).
It seems likely that in Chlamydomonas, the bio-
synthesis of different molecular species starts from
saturated (16:0/16:0), monounsaturated (16:0/18:1 or
18:1/16:0 and 18:0/18:1) and diunsaturated (18:1/18:1)
diacylglycerol species as parent molecules. In MGDG, a
18:1/16:0 species is probably the starting molecule,
although it was not detectable in the HPLC separation.
Both C,6 and C,8 fatty acids are then sequentially
desaturated leading mainly to highly unsaturated species.
The same 18:1/16:0 combination may act as parent mole-
cule also for the formation of DGDG. Here, the desatura-
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tion, however, leads mainly to species containing 16:0 and
minor amounts of species containing 16:2 and 16:3. Such
pattern could easily be explained by a DGDG-linked
desaturation in which the introduction of double-bonds in-
to C,6 fatty acids is greatly reduced as compared to the case
of MGDG.
A pathway similar to that of galactolipids should also
exist for SQDG and PG. For both, a 18:1/16:0 species
would act as starting molecule in which the C,8 fatty acids
are predominantly desaturated further. In the case of
SQDG, about half of which is formed from 16:0/16:0
species, 16:0 is not desaturated in either position. In PG,
only one double-bond is introduced into 16:0 leading to
16:l(3t) which is typical for PG.
Both DGTS and PE apparently are synthesized from
18:1/18:1, 16:0/18:1 and 18:0/18:1 diacylglycerol precur-
sors, all of which are of cytoplasmic origin. The latter two
are distributed in different ways: for the synthesis of PE, a
18:0/18:1 species is preferred, whereas the formation of
DGTS starts from a 16:0/18:1 combination. In the latter
two species, the saturated fatty acids remain unchanged
during the subsequent modification, while 18:1 is further
desaturated leading mainly to 18:2, 18:3(5,9,12) and
18:4(5,9,12,15). The latter two fatty acids are rather
uncommon but have already been detected in Norway
spruce (Picea abies (L.) Karst.) (Ekman 1980). Also, 18:3
(5t,9c,12c) has bee reported as a major component of
Thalictrum venulosum (Hitchcock and Nichols 1981).
As for the occurrence of 18:1(11), appreciable
amounts have been found in many plants (Hitchcock and
Nichols 1971, Johns et al. 1979), although this monoene fat-
ty acid is usually considered to be typical for bacteria and
animals (Hitchcock and Nichols 1971). In Chlamydo-
monas, this fatty acid is almost exclusively or predom-
inantly (as in PI) linked to the C-l position of the glycerol
moiety.
The fact that both 18:3(5,9,12) and 18:4(5,9,12,15) are
concentrated in DGTS and PE, also sheds light on their for-
mation in Chlamydomonas. Little is known about the bio-
synthesis of 18:3 other than 18:3(9,12,15). In the past, at-
tention had been directed to 18:3(6,9,12). Chavant et al.
(1979) suggested that this fatty acid is produced by the cyto-
plasm. Only recently, Stymne and Stobart (1986) showed
that 18:3(6,9,12) is synthesized in the cytoplasm of borage
{Borago officinalis) seeds in a PC-linked desaturation star-
ting from oleate via linoleate. From these findings and our
results, we conclude that 18:3(5,9,12) and 18:4(5,9,12,15)
are also formed by the cytoplasm involving a hitherto
unknown type of desaturation. Since the 18:3 and 18:4 are
found to be linked to the same position of the lipid, one
may suggest that the 18:3 is the precursor of 18:4, the J15-
double-bond being introduced last.
The most striking feature of Chlamydomonas is the
absence of PC which, in most plants, is a common mem-
brane lipid and which is thought to act as a compulsory
intermediate in the formation of triacylglycerols and
eukaryotic chloroplast lipids (Roughan and Slack 1982).
Thus, no eukaryotic lipids are to be expected if PC is
absent. The fact that the chloroplast lipids of Chlamydo-
monas are exclusively prokaryotic is in full accordance
with this concept.
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Swiss National Science Foundation. We thank H. Gfeller (Dept.
of Organic Chemistry) for his technical assistance in mass spec-
trometry.
References
Browse, J., McCourt, P. and Somerville, C. R. (1985) A mutant
of Arabidopsis lacking a chloroplast-specific lipid. Science
227: 763-765.
Browse, J. A., Somerville, C. R. and McCourt, P. J. (1984)
Glycerolipid metabolism in leaves: New information from
Arabidopsis mutants. In Structure, Function and Metabolism
of Plant Lipids. Edited by Siegenthaler, P. A. and
Eichenberger, W. pp. 167-170. Elsevier Science Publishers,
Amsterdam.
Browse, J., Warwick, N., Somerville, C. R. and Slack, C. R.
(1986) Fluxes through the prokaryotic and eukaryotic path-
ways of lipid synthesis in the '16:3' plant Arabidopsis thaliana.
Biochem. J. 235: 25-31.
Chavant, L., Mazliak, P. and Sancholle, M. (1979) Biosynthese
de l'acide linoleique chez un champignon filamenteux
Siphomycete: Mucor mucedo. Annales pharmaceutiques
francaises 37: 55-58.
Christie, W. W., Brechany, E. Y., Johnson, S. B. and Holman,
R. T. (1986) A comparison of pyrrolidide and picolinyl ester
derivatives for the identification of fatty acids in natural sam-
ples by gas chromatography-mass spectrometry. Lipids 21:
657-661.
Demandre, C , Tremolieres, A., Justin, A. M. and Mazliak, P.
(1986) Oleate desaturation in six phosphatidylcholine molecu-
lar species from potato tuber microsomes. Biochim. Biophys.
Ada 877: 380-386.
Eichenberger, W. (1976) Lipids of Chlamydomonas reinhardii
under different growth conditions. Phytochemistry 15: 459-
463.
Eichenberger, W. (1982) Distribution of diacylglyceryl-O-
4'(7V,Af,N-trimethyl)-homoserine in different algae. Plant. Sci.
Lett. 24: 91-95.
Eichenberger, W. and Boschetti, A. (1978) Occurrence of
1(3), 2-diacylglyceryl-(3)-0-4'-(N,7V,7v'-trimethyl)-homoserine in
Chlamydomonas reinhardii. FEBS Lett. 88: 201-204.
Ekman, R. (1980) New polyenoic fatty acids in Norway spruce
wood. Phytochemistry 19: 147-148.
Fischer, W., Heinz, E. and Zeus, M. (1973) The suitability of
lipase from Rhizopus arrhizus delemar for analysis of fatty acid
594 C. Giroud, A. Gerber and W. Eichenberger
distribution in dihexosyl diglycerides, phospholipids and plant
sulfolipids. Hoppe-Seyler's Z. Physiol. Chem. 354: 1115-
1123.
Frentzen, M. (1986) Biosynthesis and desaturation of different
diacylglycerol moieties in higher plants. J. Plant. Physiol. 124:
193-209.
Frentzen, M., Hares, W. and Schiburr, A. (1984) Properties of the
microsomal glycerol 3-P and monoacylglycerol 3-P acyltrans-
ferase from leaves. In Structure, Function and Metabolism of
Plant Lipids. Edited by Siegenthaler, P. A. and Eichenberger,
W. pp. 105-110. Elsevier Science Publishers, Amsterdam.
Harvey, D. J. (1984) Picolinyl derivatives for the structural deter-
mination of fatty acids by mass spectrometry: Applications to
polyenoic acids, hydroxy acids, di-acids and related com-
pounds. Biomedical Mass Spectrometry 11:340-347.
Harwood, J. L. and Russell, N. J. (1984) Lipids in Plants and
Microbes, p. 42, George Allan and Unwin, London.
Heemskerk, J. W. M. and Wintermans, J. F. G. M. (1987) Role
of the chloroplast in the leaf acyl-lipid synthesis. Physiol.
Plant. 70: 558-568.
Hitchcock, C. and Nichols, B. W. (1971) Plant Lipid Biochem.
p. 12-13. Academic Press, New York.
Janero, D. R. and Barrnett, R. (1981a) Cellular and thylakoid-
membrane glycolipids of Chlamydomonas reinhardii 137+. J.
Lipid Res. 22: 1119-1125.
Janero, D. R. and Barrnett, R. (1981b) Cellular and thylakoid-
membrane phospholipids of Chlamydomonas reinhardii 137+.
J. Lipid. Res. 22: 1126-1130.
Janero, D. R. and Barrnett, R. (1981c) Thylakoid-membrane-bio-
genesis in Chlamydomonas reinhardii 137*: I. Cell-cycle varia-
tions in the synthesis and assembly of polar glycero-lipid. J.
Cell Biol. 91: 126-134.
Janero, D. R. and Barrnett, R. (1982a) Thylakoid-membrane bio-
genesis in Chlamydomonas reinhardii 137+. II. Cell-cycle
variations in the synthesis and assembly of pigment. J. Cell Bi-
ol. 93: 411-416.
Janero, D. R. and Barrnett, R. (1982b) Membrane biogenesis in
Chlamydomonas reinhardii 137*. Cell-cycle variations in the
synthesis of phospholipids of non-photosynthetic membranes.
Exp. Cell Res. 138: 451-453.
Janero, D. R. and Barrnett, R. (1982c) Isolation and character-
ization of an ether-linked homoserine lipid from the thylakoid-
membrane of Chlamydomonas reinhardii 137*. J. Lipid Res.
23: 307-316.
Jelsema, C. L., Michaels, A. S., Janero, D. R. and Barrnett, R.
(1982) Membrane lipid metabolism in Chlamydomonas
reinhardii 137* and y-1: I. Biochemical localization and charac-
terization of acyltransferase activities. J. Cell. Sci. 58: 469-
488.
Johns, R. B., Nichols, P. D. and Perry, G. J. (1979) Fatty acid
composition of ten marine algae from Australian waters.
Phytochemistry 18: 799-802.
Kates, M. (1986) Techniques of lipidology. In Laboratory Tech-
niques in Biochemistry and Molecular Biology. Edited by Bur-
don, R. H. and van Knippenberg, P. H., Vol. 3, Part 2, p.
358. Elsevier, Amsterdam.
Marshall, M. O. and Kates, M. (1972) Biosynthesis of phospha-
tidylglycerol by cell-free preparation from spinach leaves. Bio-
chim. Biophys. Ada 260: 558-570.
Michaels, A. S., Jelsema, C. L. and Barrnett, R. J. (1983) Mem-
brane lipid metabolism in Chlamydomonas reinhardii 137* and
y-1: II. Cytochemical localization of acyltransferase activities.
/ . Ultrastr. Res. 82: 35-51.
Moore, T. S. Jr. (1982) Phospholipid biosynthesis. Annu. Rev.
Plant Physiol. 33: 235-259.
Moore, T. S., Lord, J. M., Kagawa, T. and Beevers, H. (1973)
Enzymes of phospholipid metabolism in the endoplasmic
reticulum of castor bean endosperm. Plant Physiol. 52: 50-53.
Murphy, D. J., Woodrow, I. E. and Mukherjee, K. D. (1985)
Substrate specificities of the enzymes of the oleate desaturase
system from photosynthetic tissue. Biochem. J. 225: 267-270.
Nichols, B. W., Harris, R. V. and James, A. T. (1965) The lipid
metabolism of blue-green algae. Biochem. Biophys. Res. Com-
mun. 20: 256-262.
Norman, H. A. and Thompson, G. A. (1985) Quantitative analy-
sis of Dunaliella salina diacylglyceryltrimethylhomoserine and
its individual molecular species by high performance liquid chro-
matography. Plant Sci. 42: 83-87.
Patton, G. M., Fasulo, J. M. and Robins,. S. J. (1982) Separa-
tion of phospholipids and individual molecular species of phos-
pholipids by high performace liquid chromatography. J. Lipid
Res. 23: 190-196.
Pringsheim, E. G. (1955) Ueber Ochromonas danica n.sp. und
andere Arten der Gattung. Arch. Mikrobiol. 23: 181-192.
Robins, S. J. and Patton, G. M. (1986) Separation of phospho-
lipid molecular species by high performace liquid chromatogra-
phy: Potentials for use in metabolic studies. J. Lipid Res. 27:
131-139.
Roughan, P. G. and Slack, C. R. (1982) Cellular organization of
glycerolipid metabolsim. Annu. Rev. Plant Physiol. 33: 97-
132.
Roughan, G. and Slack, R. (1984) Glycerolipid synthesis in
leaves. Trends Biochem. Sci. 9: 383-386.
Sager, R. and Granick, S. (1954) Nutritional control of sexuality
in Chlamydomonas reinhardii. J. Gen. Physiol. 37: 729-742.
Sato, N. and Furuya, M. (1983) Isolation and identification of
diacylglyceryl-O-4'-(7V,A/,7V-trimethyl)homoserine from the fern
Adiantum capillus-veneris L. Plant Cell Physiol. 24: 1113-
1120.
Sato, N. and Furuya, M. (1985) Distribution of diacylglyceryltri-
methylhomoserine and phosphatidylcholine in non-vascular
green plants. Plant Sci. 38: 81-85.
Sato, N., Seyama, Y. and Murata, N. (1986) Lipid-linked
desaturation of palmitic acid in monogalactosyl diacylglycerol
in the blue-green alga (Cyanobacterium) Anabaena variabilis
studied in vivo. Plant Cell Physiol. 27: 819-835.
Schlapfer, P. and Eichenberger, W. (1983) Evidence for the in-
volvement of diacylglyceryl(N,VV,.A/-trimethyl)-homoserine in
the desaturation of oleic and linoleic acids in Chlamydomonas
reinhardii (Chlorophyceae). Plant Sci. Lett. 32: 243-252.
Lipids of Chlamydomonas reinhardtii 595
Smith, L. A., Norman, H. A., Sung Ho, C. and Thompson,
G. A. (1985) Isolation and quantitative analysis of phospha-
tidylglycerol and glycolipid molecular species using reversed-
phase high-performance liquid chromatography with flame
ionization detection. J. Chromatogr. 346: 291-299.
Sparace, S. A. and Mudd, J. B. (1982) Phosphatidylglycerol syn-
thesis in spinach chloroplasts: Characterization of the newly
synthesized molecule. Plant Physiol. 70: 1260-1264.
Stumpf, P. K. (1984) Fatty acid biosynthesis in higher plants. In
Fatty Acid Metabolism and Its Regulation. Edited by Numa,
S. pp. 155-179. Elsevier Science Publishers B. V. New York.
Stymne, S., Griffiths, G. and Stobart, K. (1987) Desaturation of
fatty acids on complex-lipid substrates. In The Metabolism,
Structure and Function of Plant Lipids. Edited by Stumpf,
P.K., Mudd, J. B. and Nes, W. D. pp. 405^*12. Plenum
Press, New York.
Stymne, S. and Stobart, A. K. (1986) Biosynthesis of y-linolenic
acid in cotyledons and microsomal preparations of the develop-
ing seeds of common borage {Borago officinalis). Biochem. J.
240: 385-393.
Sueoka, N. (1960) Mitotic replication of deoxyribonucleic acid in
Chlamydomonas reinhardtii. Proc. Natl. Acad. Sci. USA 46:
83-91.
Thies, W. (1971) Schnelle und einfache Analyse der
Fettsaurezusammensetzung in einzelnen Raps-Kotyledonen.
Z. Pflanzenziichtg. 65: 181-202.
Yamaguchi, R., Kojima, M., Isogai, M., Kato, K. and Ueno, Y.
(1982) Separation and purification of molecular species of
galactolipids by high performance liquid chromatography.
Agric. Biol. Chem. 46: 2847-2849.
(Received August 18, 1987; Accepted March 14, 1988)
